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Abstract 
The German Artificial Sphincter System (GASS) aims at the development of an implantable device intended for the treatment of 
fecal or urinary incontinence. The core of the system is a piezoactuated silicon micropump that is able to pressurize/depressurize 
a cuff prosthesis. Our group has developed advanced piezoactuators and electronic driving circuits in order to reduce the power 
consumption of our system. In this paper we present our results regarding the performance of a charge recovery driver in 
comparison with a conventional driver. We have achieved a similar mechanical performance of the pump while cutting power 
consumption by more than 50%.       
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1. Introduction 
 Many patients all around the world suffer from fecal or urinary incontinence. These conditions affect the quality 
of life of these people and represent a very high social cost. Merging the knowledge of medical doctors and 
engineers, our team has worked on developing an innovative artificial sphincter capable of solving these problems 
[1,2]. The potential applications of our device go even further and could, for example, target gastric reflux syndrome 
or obesity (gastric banding). Our system is built around an advanced piezoactuated micropump that, with its small 
size and light weight, is an excellent choice for implantation. The micropump consists of three actuated membranes 
(two active valves and one pumping actuator), and is capable of bidirectional operation. This feature is very useful 
in our application since it allows both pressurizing and depressurizing the artificial sphincter.  
 The system as a whole is depicted in Fig. 1. As can be seen, a lithium polymer battery supplies the energy to the 
system. A miniaturized electronic power controller generates the high voltage necessary to drive the actuators of the 
micropump. A reservoir is used to maintain a sufficient amount of fluid to be pumped into a polymer-based cuff that 
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 represents the actual artificial sphincter prosthesis. A pressure sensor is also included to monitor the pressure inside 
the cuff. All data gathered and all operational commands can be sent via a telemetric unit to/from an external remote 
control unit. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1 GASS system description 
 
   Since our device is meant to be implanted, power management is a crucial topic in our design. In order to 
guarantee a sufficiently long battery duration, power consumption has to be kept at the lowest level possible. This is 
the reason why our team is investigating and developing advanced low power electronics in order to achieve this 
goal. 
 In this paper we will disclose our results concerning a charge recovery driver that we have developed [3] taking 
inspiration from a previous concept found in [4]. We have fabricated a complete driver that is capable to actuate the 
pump and we will present a comparison between this driving technique and a conventional driving system. In the 
following section we will briefly describe our reference conventional driver and our novel system. We will 
afterwards present the results of our measurements.  
2. Driving circuits 
As a basis for comparison for our charge recovery circuit we will use a conventional driver. It consists of an 
output stage composed by an NMOS/PMOS couple that switches the actuator between 30 V and  -10 V (supplied by 
an external voltage source).  
The charge recovery circuit [4] (see Fig. 2) consists of an LC tank circuit which is composed by an inductor L 
and the equivalent capacitance of the actuator C. When these two components are switched together, the LC tank 
starts oscillating at its resonance frequency. During the first oscillation cycle the voltage is inverted across the 
capacitor. Once the maximum negative voltage is reached, the current Irev would change its flowing direction and 
this is avoided by the diode D. The voltage across the capacitor remains, therefore, in the negative state. The same 
principle applies for the negative-to-positive inversion. 
 
 
 
 
 
 
 
Fig. 2 Charge recovery working principle: positive-to-negative (left) and negative-to-positive (right) conversions. 
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Since our micropump needs a negative driving voltage of only -10 V, we are able to reach this voltage with such 
a simple inversion technique. We have therefore proposed [3] to design a driver without negative voltage supply, 
which results in lower circuit complexity. The pumping performance of our micropump in conjunction with both a 
conventional and a charge recovery driver is presented in the following section. 
3. Results 
We have measured the average current supplied to our drivers with a precision current meter (Keithley 2700), 
hence we have calculated the average power supplied. A fully functional micropump has been connected to the 
drivers and its performance has been characterized at different driving frequencies, output backpressures and flow 
rates. The backpressure has been applied using a pressure controller (GE - Druck DPI 520) while the flow rate has 
been measured using a precision scale (Sartorius ME 36 S).  
The electrical power supplied is presented in Table 1. The effect of mechanical loading at the output is negligible 
compared to the electrical losses. Therefore the following table is valid for the whole working range of the pump. 
Table 1.  Power consumption of conventional and charge recovery drivers at different driving frequencies. 
Driving Frequency Conventional Driving Charge Recovery 
30 Hz 85 mW 39 mW 
40 Hz 112 mW 51 mW 
50 Hz 139 mW 66 mW 
 
  From the table above the power consumption reduction is evident when charge recovery is used. Nevertheless it 
is important to show that also the real mechanical power of the pump is not reduced as a result of the application of 
the charge recovery scheme. This is the reason why we have taken measurements about flow rate and backpressure 
capability. The output power of a pump, in fact, can be calculated as the product between the flow rate and the 
pressure at which the flow is pumped. In Fig. 2, the output power delivered to the fluid is depicted at the three 
frequencies we have considered in our experiments.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3 Mechanical output power of the pump: conventional driving in red line (round marker), charge recovery driving in blue line (square 
marker) 
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 As it can be expected, the power is zero at the two extremities of the chart since in one case the backpressure is 
zero (while the flow rate is maximum) and in the other case the flow rate is zero (while the backpressure is 
maximum). The maximum power is in the middle of the range. The output power increases with frequency. 
 It is clear from this chart that the mechanical power is very limited in absolute terms. It is in the range  
0.35-0.55 mW which is far below the average electrical power supplied. Such inefficiency is very common for these 
microdevices. It is also clear that there is a big margin of improvement and this is one of the reasons that guide our 
efforts in decreasing power consumption.  
  Comparing conventional and charge-recovery driver performance, we can notice that the output power is not 
significantly different. Charge recovery performs worse at lower frequencies (maximum decrease is 13%). Since the 
piezoactuators are left floating during the negative phase, they are affected by any disturbance coming from the 
fluid. These mechanical-to-electrical phenomena cannot be compensated by any voltage source (as in the case of the 
conventional driver that is steadily supplied with -10 V) and therefore the voltage can slowly change during the 
negative holding phase leading to a slightly worse performance.  
Despite this drawback, the efficiency is clearly improved since the decrease in electrical power consumption is 
much stronger than the loss of mechanical performance. 
4. Conclusions 
Using charge recovery has resulted in up to 50% reduction in electrical power consumption while keeping 
mechanical output power substantially unaltered. The efficiency is therefore improved.  
One drawback of this technique is the need for physically big inductors in order to reach the negative voltage 
required. Advanced drivers that are capable to recover part of the charge stored in the actuators by means of high 
frequency switching converters are being investigated by our group. This solution would work with much smaller 
inductors but, on the other hand, it would increase the complexity of the driving circuit.  
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